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z.2012.04Abstract The present study was performed to investigate the effects of vitamin A (VA) on tail ﬁn
regeneration of the teleost ﬁsh, Oreochromis niloticus. Following amputation, the tail ﬁn undergoes
a regenerative process which leads to an apparently faithful replacement, both in shape and size of
the missing part. However, analysis of the ﬁn skeleton of whole mount preparations of normal
(unamputated), control, and treated tail ﬁns revealed that, ﬁn regenerates were not perfect copies
of the missing part, and that the distance and the number of ray segments between the amputation
plane and the ﬁrst dichotomy were higher in treated tail ﬁns than in control and unamputated ﬁns.
This suggests that VA can affect patterning formation of the regenerating tail ﬁn. Vitamin A has
morphogenetic effects on the regenerating ﬁn by increasing the number of ray segments as well
as it exhibits a marked reduction in the amount of tissue between rays that leads to fusion of adja-
cent rays.
ª 2012 The Egyptian German Society for Zoology. Production and hosting by Elsevier B.V. All rights
reserved.Introduction
Human organs are subjected to a variety of injuries, but have a
limited ability to heal and regenerate the damaged or lost tis-
sue. Natural scientists have actively pursued the problem of
regeneration since the 17th century, largely by utilizing lower
vertebrate species possessing exceptional regenerative capaci-
ties (Dinsmore, 1991). Newts are the primary experimental
model used to study vertebrate regeneration, as they canom (K.I. Atta).
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.001regrow a striking number of adult structures including limbs,
tail, spinal cord, jaws, tongue, lens and optic nerve (Brockes,
1997; Ferretti and Ge´raudie, 1998).
Zebraﬁsh has proved to be a valuable laboratory model of
teleost ﬁsh for understanding many aspects of vertebrate
embryogenesis. Small- and large-scale mutagenesis screens
have yielded hundreds of interesting mutants, from which
dozens of genes essential for ontogeny have been identiﬁed
(Driever et al., 1996; Gaiano et al., 1996; Haffter et al., 1996;
Zhang et al., 1998). Somewhat overlooked is the fact that, tel-
eost ﬁsh as in zebraﬁsh, can regenerate an impressive number
of structures as adults, such as spinal cord, optic nerve, heart
muscle, scales, and each of ﬁve types of ﬁns (Johnson and
Weston, 1995; Poss et al., 2000; Raya et al., 2003; Becker et
al., 2004).
Fin regeneration can be broken down into four stages.
First, epidermal cells migrate to cover the wound and form aand hosting by Elsevier B.V. All rights reserved.
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Figure 1 Photomicrograph of whole-mount Alizarin prepara-
tion of the normal (unamputated) tail ﬁn (TF) of O. niloticus
showing actinotrichia (A) and lepidotrichia (from L1 to L9). X: 10.
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epidermis disorganizes, or dedifferentiates, and mesenchymal
cells migrate distally toward the amputation plane. Third,
these cells proliferate and accumulate to form the regeneration
blastema, a tissue mass from which the new ﬁn structures are
ultimately derived. Fourth, regeneration is completed by a
phase of outgrowth, composed of exquisitely integrated prolif-
eration, patterning and differentiation events (Poss et al., 2000;
Poleo et al., 2001; Abdel-Karim et al., 2003).
It is well documented that, the positional memory of the
limb blastema can be respeciﬁed by treatment with the retinoid
VA and its derivatives (Niazi and Saxena, 1978; Maden, 1982;
Brockes, 1989; Stocum, 1991; Bryant and Gardiner, 1992). One
of these compounds, retinoic acid (RA), has stimulated partic-
ular interest because of its multiple effects on many developing
systems (Tickle et al., 1982; Tamarin et al., 1984; Sulik et al.,
1988; Holder and Hill, 1991; Ruizi-Altaba et al., 1991; Sundin
and Eichele, 1992; Morriss-kay, 1993), and of the identiﬁcation
of numerous genes encoding for RA nuclear receptors (Giguere
et al., 1987; Petkovich et al., 1987; Benbrook et al., 1988; Zelent
et al., 1989; Mangelsdorf et al., 1990, 1992; Rowe et al., 1991;
Ragsdale et al., 1992) and cytoplasmic RA binding proteins
(Shubeita et al., 1987; Stoner and Gudas, 1989), that suggest
an endogenous role for this compound during morphogenesis.
VA induces the complete regeneration of lung alveoli that haveTable 1 The number of segments of different lepidotrichia of the tai
of amputation.
Lepidotrichia (L) Number of segments (means ± SD)
Normal (unamputated) Control
L1 15.6 ± 0.6 15.2 ± 1.25
L2 18.0 ± 0.8 19.0 ± 1.41
L3 17.0 ± 0.5 15.6 ± 1.34
L4 15.4 ± 0.9 14.2 ± 1.27
L5 15.2 ± 1.07 11.4 ± 0.6
L6 17.6 ± 1.09 12.8 ± 0.9
L7 19.8 ± 1.1 12.2 ± 1.5
L8 18.0 ± 1.32 13.6 ± 1.05
L9 18.4 ± 1.46 14.0 ± 1.45been destroyed by various noxious treatments. In these cases,
VA is required for the development of the organ (Maden and
Hind, 2003, 2004). Also, retinyl esters (Res), the major storage
form of VA (retinol), provide substrates for the production of
bioactive retinoids, including RA, which are known to promote
lung development and maturation (Ross and Ambalavanan,
2007).
Retinoic acid is the biological active derivative of VA. It is
an important signal for patterning the hind brain, the bran-
chial arches and the limb bud. RA is thought to act on the pos-
terior hindbrain and the limb bud; at somitogenesis stages in
chick and mouse embryos (Grandel et al., 2002). Also, it is re-
quired to determine proximodistal identity in the developing
mouse fore limb (Yashiro et al., 2004). Retinoic acid is re-
quired for a variety of processes during vertebrate embryonic
development. Its effect is transmitted by RA receptors (RARs)
at the level of regulating the expression of target genes. Three
enzymes, Aldh 1a 1–3, catalyze the ﬁnal oxidative step by
which VA (retinol) is converted to RA, but only Aldh 1a 2
has been shown to be responsible for RA synthesis during
the early stage of embryogenesis (Gibert et al., 2006; Bokel-
mann et al., 2010; Tu and Johnson, 2011).
Materials and methods
The present investigation was performed on the freshwater tel-
eost Oreochromis niloticus. Specimens of the ﬁsh were collected
from El-Abbasa ﬁsh farm, near Zagazig city. The body length
ranged from 4.6 to 10.3 cm and the weight from 3.8 to 19.3 g.
The ﬁshes were placed into aerated aquaria under conditions
of room temperature at about 27 ± 3 C, the photoperiod
was 12 h of light per day. Prior to ﬁn amputation, ﬁshes were
anaesthetized with MS222 (ethylaminobenzoate methane sul-
fonate) dissolved in tap water (1 mg/l). Tail ﬁns were ampu-
tated with microscissors at a proximal level; removing 70%
of the ﬁn. Two hundred specimens of the ﬁsh have been stud-
ied for their capacity for morphological restoration of the ﬁn
following amputation. Fishes were divided into two groups.
The ﬁrst (Control) group was exposed to a water medium con-
taining 1 ml/l (ethyl alcohol), the same concentration of the
solvent. The second (treated) group, was exposed to VA palmi-
tate dissolved in 1 ml/l ethyl alcohol. The rearing medium con-
taining VA palmitate at the deﬁnitive concentration has been
previously prepared as follows: an ampule of VA palmitate
containing 1 ml of vitamin A (equivalent to 300,000 IU), wasl ﬁn of normal, control and vitamin A-treated ﬁshes after 15 days
Vitamin A-treated groups
2 IU/ml of VA 4 IU/ml of VA 8 IU/ml of VA
15.0 ± 1.32 15.2 ± 1.32 15.4 ± 1.37
22.2 ± 1.26 20.4 ± 1.23 21.4 ± 1.28
18.6 ± 0.6 17.4 ± 0.8 21.6 ± 0.96
18.4 ± 0.9 16.6 ± 1.26 17.8 ± 1.27
18.8 ± 1.45 15.4 ± 0.85 16.2 ± 0.93
14.2 ± 1.31 15.2 ± 1.09 19.0 ± 1.24
13.0 ± 1.22 18.6 ± 0.99 17.0 ± 1.23
15.4 ± 1.03 15.4 ± 1.3 20.2 ± 1.12
14.8 ± 1.5 17.4 ± 0.75 21.4 ± 1.01
Table 2 The number of segments of different lepidotrichia of the tail ﬁn of normal, control and vitamin A-treated ﬁshes after 30 days
of amputation.
Lepidotrichia (L) Number of segment (means ± SD)
Normal (unamputated) Control Vitamin A-treated groups
2 IU/ml of VA 4 IU/ml of VA 8 IU/ml of VA
L1 15.6 ± 0.6 15.4 ± 1.5 15.2 ± 0.9 15.2 ± 1.5 15.8 ± 1.49
L2 18.0 ± 0.8 21.0 ± 1.3 21.6 ± 1.3 23.4 ± 1.02 24.4 ± 1.45
L3 17.0 ± 0.5 14.6 ± 1.2 18.4 ± 1.07 16.6 ± 1.03 25.6 ± 1.25
L4 15.4 ± 0.9 15.2 ± 0.9 16.0 ± 1.09 15.8 ± 1.34 23.4 ± 0.55
L5 15.2 ± 1.07 14.4 ± 1.4 17.4 ± 1.11 14.6 ± 0.6 18.2 ± 1.3
L6 17.6 ± 1.09 15.8 ± 0.5 15.6 ± 0.8 16.6 ± 1.26 21.2 ± 1.2
L7 19.8 ± 1.1 16.2 ± 1.07 16.2 ± 1.36 17.2 ± 0.8 17.4 ± 1.06
L8 18.0 ± 1.32 17.6 ± 0.9 18.0 ± 1.47 17.4 ± 1.45 18.0 ± 1.03
L9 18.4 ± 1.46 16.0 ± 1.11 18.6 ± 0.5 18.0 ± 1.2 18.2 ± 0.85
Table 3 The number of segments of different lepidotrichia of the tail ﬁn of normal, control and vitamin A-treated ﬁshes after 45 days
of amputation.
Lepidotrichia (L) Number of segment (means ± SD)
Normal (unamputated) Control Vitamin A-treated groups
2 IU/ml of VA 4 IU/ml of VA 8 IU/ml of VA
L1 15.6 ± 0.6 15.2 ± 1.25 15.0 ± 1.32 15.2 ± 1.32 15.4 ± 1.37
L2 18.0 ± 0.8 19.0 ± 1.41 22.2 ± 1.26 20.4 ± 1.23 21.4 ± 1.28
L3 17.0 ± 0.5 15.6 ± 1.34 18.6 ± 0.6 17.4 ± 0.8 21.6 ± 0.96
L4 15.4 ± 0.9 14.2 ± 1.27 18.4 ± 0.9 16.6 ± 1.26 17.8 ± 1.27
L5 15.2 ± 1.07 11.4 ± 0.6 18.8 ± 1.45 15.4 ± 0.85 16.2 ± 0.93
L6 17.6 ± 1.09 12.8 ± 0.9 14.2 ± 1.31 15.2 ± 1.09 19.0 ± 1.24
L7 19.8 ± 1.1 12.2 ± 1.5 13.0 ± 1.22 18.6 ± 0.99 17.0 ± 1.23
L8 18.0 ± 1.32 13.6 ± 1.05 15.4 ± 1.03 15.4 ± 1.3 20.2 ± 1.12
L9 18.4 ± 1.46 14.0 ± 1.45 14.8 ± 1.5 17.4 ± 0.75 21.4 ± 1.01
242 K.I. Atta et al.dissolved in 1 ml of absolute ethyl alcohol in a test tube. After
shaking well to ensure complete dissolving, the content was
transferred to a dark bottle and completed to 500 ml with
tap water. With great care, the bottle was enveloped in a sheet
of aluminum foil paper and kept in a refrigerator to be used at
the time of operation.
Three different concentrations of the VA were prepared for
the present study using tap water; 2, 4 and 8 IU/ml. Immedi-
ately after amputation of the tail ﬁns, the operated ﬁshes were
transferred to water medium for recovery (about 5 min), then
gently to the desired concentrations of VA where they were
kept for three days, and renewed the concentrations in the sec-
ond and third days in order to maintain proper concentrations
of the vitamin. For each experimental type, after handling with
the vitamin, the ﬁshes were allowed to continue their develop-
ment in normal tap water.
Mortality
Three high concentrations of VA, 70, 30 and 10 IU/ml were
used, respectively to determine the mortality rate of ﬁshes
immediately after amputation of the tail ﬁns.
Morphological analysis
Whole-mount preparations of the normal (control) and treated
tail ﬁn specimens were stored in 95% alcohol for studying ofgross morphological changes. In order to analyze the ﬁn skel-
eton, whole-mount preparations of regenerated ﬁns were
stained with Alizarin Red-S (Taning, 1944).
Results
Morphological structure of the normal (unamputated) tail ﬁn
The tail ﬁn is a medial structure consisting of two lobes, which
are nearly perfect mirror images of each other along the dorso-
ventral axis. The skeletal structure of the adult tail ﬁn is clearly
visible in whole-mount preparation. The skeleton of each lobe
is made up of nine major lepidotrichia. These lepidotrichia of
both dorsal and ventral lobes, except the outermost ones, are
branched. A variation in the number of dichotomies in equiv-
alent rays from different tail ﬁns is observed in all of the other
rays furthermore, a different number of dichotomies is occa-
sionally apparent within the same tail ﬁn between rays in the
dorsal lobe and their counterparts in the ventral one (Fig. 1).
The arrangement of the lepidotrichia (L) and their numbers
(number of segments before the ﬁrst dichotomy) of normal
(unamputated) tail ﬁn is represented in Table 1.
Effect of vitamin A on the morphology of the regenerating ﬁns
It was observed that the number of segments proximal to the
ﬁrst dichotomy was rather constant, and that of tail ﬁn
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Figure 2 Photomicrographs of whole-mount Alizarin preparation of the regenerating tail ﬁns (TF) of O. niloticus after 15 days of
amputation showing actinotrichia (A) and lepidotrichia (before the ﬁrst dichotomy) from L1 to L9. (a) The tail ﬁn of the control. X: 10. (b)
The tail ﬁn of a ﬁsh treated with 2 IU/ml of VA. X: 10. (c) The tail ﬁn of a ﬁsh treated with 4 IU/ml of VA. X: 10. (d) The tail ﬁn of a ﬁsh
treated with 8 IU/ml of VA. X: 10.
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ing amputation. Morphometrical analysis was performed in
tail ﬁns and it was observed that VA can induce distalization
of the ﬁrst dichotomy by increasing the number of segments
proximal to it. There was a clear difference between the num-
ber of segments counted in the tail ﬁns of control ﬁshes and
those treated ones with VA after 15, 30 and 45 days of ampu-
tation (Tables 1–3).
Mortality and abnormality resulted by vitamin A treatment
Vitamin A can modify patterning of the regenerating ﬁns of
ﬁshes which were treated with different concentrations of VA
immediately after amputation for three days. Under all the
conditions of treatment, there was no observed difference be-
tween ﬁshes, which are left to regenerate in water or in water
containing the VA solvent (alcohol). On the contrary, when
treated with 70 IU/ml of VA immediately after amputation
all ﬁshes died immediately. However, 80% of ﬁshes died within
1 h from the amputation when treated with 30 IU/ml of VA
and 50% of ﬁshes died within 12 h from the amputation when
treated with 10 IU/ml of VA. On the other hand, the treatment
with lower concentrations (2, 4 and 8 IU/ml) of VA did not af-
fect survival, but can promote the regeneration process of the
amputated tail ﬁns.It was observed that, VA apparently does not induce any
signiﬁcant change of pattern on the anteroposterior axis, but
it can affect both the proximodistal and dorsoventral axes of
the regenerating ﬁns. Vitamin A appears to induce morphoge-
netic effects that do not result in any external malformation,
seems speciﬁc to the proximodistal axis and is targeted to the
bone, where the formation of extra segments was induced.
However, none of the rays grows longer than its respective
control, that VA cannot alter the presumably tight regulation
controlling the concerted growth of individual rays. The major
difference between control and treated ﬁns lies in the position
of the ﬁrst dichotomy, which is always more distally located in
the treated than in control specimens (Figs. 2–4).
Also, VA induced effects along the dorsoventral axis by
reducing the amount of tissue between rays (Fig 5a and d). Un-
like growth of interray tissues, growth of the skeleton was not
inhibited, and the skeletal abnormalities observed were seen
rather to be a consequence of decreased amount of tissue be-
tween rays, that leads to fusion of adjacent rays (Fig. 6a and d).
Discussion
The present work is concerned with the study of the effect of
VA on the tail ﬁn regeneration in the teleost, O. niloticus.
The amputation was carried out through the tail ﬁns at a prox-
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Figure 3 Photomicrographs of whole-mount Alizarin preparation of the regenerating tail ﬁn (TF) of O. niloticus after 30 days of
amputation showing lepidotrichia (L1 to L9) before the ﬁrst dichotomy and actinotrichia (A). (a) The tail ﬁn of the control. X: 8. (b) The
tail ﬁn of a ﬁsh treated with 2 IU/ml of VA. X: 8. (c) The tail ﬁn of a ﬁsh treated with 4 IU /ml of VA. X: 8. (d) The tail ﬁn of a ﬁsh treated
with 8 IU/ml of VA. X: 8.
244 K.I. Atta et al.imal level (approximately 70% of the ﬁn was removed). Regen-
eration process was described morphologically during various
regeneration stages.
It is known that, the ﬁsh ﬁn is the system of non-proliferat-
ing or slowly dividing tissue, but has a capacity for rapid cell
proliferation in an emergency when partial amputation of
the tissue is carried out (Hama, 1979).
The present investigation conﬁrmed the previous studies con-
cerning the morphological structure of the ﬁn. The current work
has demonstrated that the tail ﬁn consists of a number of bony ﬁn
rays (lepidotrichia). Most of these rays are branched into dichot-
omies ended ﬁnally with actinotrichia. The same description was
observed in the zebraﬁsh caudal ﬁnwhich is composedofmultiple
bony ﬁn rays or lepidotrichia, most of which are bifurcated at the
ends (Montes et al., 1982; Becerra et al., 1983; Santamarı´a and
Becerra, 1991; Ge´raudie and Singer, 1992).
The present investigation revealed that VA can modify pat-
terning of the regenerating ﬁns of ﬁshes, which were treated
with different concentrations of VA immediately after amputa-
tion for about three days. The present results are in agreement
with the observations of Brockes (1990), who reported that the
alterations in regeneration pattern caused by treatment with
RA have been well characterized in the newt, along the prox-
imodistal axis of the regenerate, and results in serial pattern
duplication. Also, Holder and Hill (1991) showed that RA af-
fects pattern formation during development and regeneration
of the ray in zebraﬁsh embryos. Grandel et al. (2002) reported
that much earlier requirements for RA signaling during pre-
segmentation stage for proper development of these structures
in zebraﬁsh, is necessary for anteroposterior patterning in thepectoral ﬁn. Maden and Hind (2003) observed that RA acts on
the nucleus to induce gene transcription. In amphibians and
mammals, it induces the regeneration of several tissues and or-
gans. Retinoic acid induces the ‘‘super-regeneration’’ of organs
that can already regenerate such as the urodele amphibian
limb by respecifying positional information in the limb. Reti-
noic acid is used for both development and regeneration. This
suggestion, therefore might serve as a strategy for identifying
potential tissue or organ targets that have the capacity to be
stimulated to regenerate. Yashiro et al. (2004) suggested that
a gradient of RA signaling is required to determine proximo-
distal identity in the developing mouse forelimb. Similar results
were obtained by Gibert et al. (2006), they have found that RA
is required for a variety of processes during vertebrate embry-
onic development.
The present work revealed that the morphogenetic effect of
VA, that does not result in any external malformation, seems
speciﬁc to the proximodistal axis and is targeted to the bone,
where formation of extra segments is induced. The major dif-
ferences between control and treated ﬁshes lie ﬁrstly, in the
distance between the planes of amputation and the ﬁrst dichot-
omy was signiﬁcantly longer in different concentrations of VA
treated (2, 4 and 8 IU/ml) than in control ﬁshes. Then, VA
treatment can induce distalization of the ﬁrst dichotomy by
increasing the number of segments proximal to it and second,
in the absence or reduce number of segments of the second
dichotomy. Furthermore, the possibility that normal number
of segments of the second dichotomy may be re-established
over a long period of time during the regeneration process.
This assumption was suggested also by Crawford and Stocum
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Figure 4 Photomicrographs of whole-mount Alizarin preparation of the regenerating tail ﬁn (TF) of O. niloticus after 45 days of
amputation showing the number of lepidotrichia (L1 to L9)and actinotrichia (A). (a) The tail ﬁn of the control. X: 8. (b) The tail ﬁn of a
ﬁsh treated with 2 IU /ml of VA. X: 8. (c) The tail ﬁn of a ﬁsh treated with 4 IU /ml of VA. X: 8. (d) The tail ﬁn of a ﬁsh treated with 8 IU/
ml of VA. X: 8.
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Figure 5 Photomicrographs of whole-mount preparation of regenerating tail ﬁn (TF) of O. niloticus showing reduction (R). (a) The tail
ﬁn of a ﬁsh treated with 2 IU/ml of VA, after 30 days of amputation. X: 8. (b) The tail ﬁn of a ﬁsh treated with 2 IU/ml of VA, after
30 days of amputation. X: 8. (c) The tail ﬁn of a ﬁsh treated with 4 IU/ml of VA, after 30 days of amputation. X: 8. (d) The tail ﬁn of a ﬁsh
treated with 8 IU/ml of VA, after 45 days of amputation. X: 8.
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Figure 6 Photomicrographs of whole-mount Alizarin preparation of regenerating tail ﬁn (TF) of O. niloticus showing fusion of ﬁn rays
(F). (a) The tail ﬁn of a ﬁsh treated with 2 IU/ml of VA, after 30 days of amputation. X: 30. (b) The tail ﬁn of a ﬁsh treated with 2 IU/ml of
VA, after 45 days after amputation. X: 30. (c) The tail ﬁn of a ﬁsh treated with 4 IU/ml of VA, after 45 days of amputation. X: 20. (d) The
tail ﬁn of a ﬁsh treated with 8 IU/ml of VA, after 45 days of amputation. X: 20.
246 K.I. Atta et al.(1988), they have reported that, the increased number of seg-
ments present before the ﬁrst dichotomy in control and RA
treated regenerates represent a proximalization of the posi-
tional memory of the blastema as in the newt limb. Moreover,
it is possible that the origin of the extra segments differs in nor-
mal and RA treated regenerates. Similar results were obtained
by Stocum (1991). The author reported that in the regenerating
limb, RA induces formation of supernumerary structures that
are more proximal than those removed by amputation, and
this has been interpreted as respeciﬁcation of the blastema
positional memory. Again, Ge´raudie et al. (1994, 1995) re-
ported that treatment of a regenerating pectoral ﬁn in zebraﬁsh
with RA, however, does not induce formation of an extra long
ﬁn, but at certain doses and times of treatment it induces for-
mation of more segments between the amputation level and
the ﬁrst fork (morphogenetic effect) than that observed in con-
trol regenerates.
The results of the present work indicated that VA induced
effects along the dorsoventral axis by reducing the amount of
tissue between rays, that leads to fusion of adjacent rays. Also,
Santamarı´a et al. (1993) observed the results of experimental
manipulations such as partial, hemiray, or individual ray
amputations and chemical administration (RA), which cause
ﬁn rays fusions in teleost ﬁsh (zebraﬁsh). Similar results were
obtained by Ge´raudie et al. (1994, 1995). They demonstrated
that RA could affect the regeneration of pectoral ﬁn in zebra-
ﬁsh and has teratogenic effect on the regenerating ﬁn (narrow-
ing of the ﬁn and fusion of ray segments). White et al. (1994)
reported that treatment of zebraﬁsh with RA during ﬁn regen-
eration, where a single ray bifurcates into two individual‘daughter’ rays. Retinoic acid treatment causes a dichotomy
reduction where the two ‘daughter’ rays fuse once again to
form a single ray. The single ray subsequently bifurcates in a
comparatively normal manner. Also, this assumption was sug-
gested by Ferretti and Ge´raudie (1995, 1998). The latter
authors stated that RA is most effective in inducing teratogen-
esis after the phase of accumulation of blastema cells has been
completed. The teratogenic effects observed may be the result
of signiﬁcant RA induced apoptosis in the wound epidermis,
which would decrease its width and consequently affects pat-
terning of the underlying blastemal mesenchyme in the zebra-
ﬁsh ﬁn. It was also described by Laforest et al. (1998), that
amputations of caudal ﬁns immediately after the ﬁrst branch-
ing point of the lepidotrichia, and global administration of all-
trans-retinoic acid, two procedures known to cause fusion of
adjacent rays, result in a transient decrease in the expression
of shh (sonic Hedgehog), ptc1 (patched1) and bmp2 (bmp2
genes). The effects of retinoic acid on shh expression occur
within minutes after the onset of treatment suggesting direct
regulation of shh by RA. These observations suggest a role
for shh, ptc1 and bmp2 in patterning of the dermoskeleton
of developing and regenerating teleost ﬁns of zebraﬁsh.
The present results have revealed that different concentra-
tions of VA affect ﬁns regeneration. When ﬁshes were treated
with lower concentration of VA (2, 4, and 8 IU/ml) immedi-
ately after amputation, did not signiﬁcantly affect survival
but can affect the regeneration process of the ﬁns. However,
in ﬁshes treated with high concentrations of VA (70, 30 and
10 IU/ml) the mortality rate varies according to the concentra-
tion of VA. In ﬁshes treated with 70 IU/ml of VA all ﬁshes
Morphogenetic effects of vitamin A on the regenerating tail ﬁn of the teleost ﬁsh, Oreochromis niloticus 247died immediately. In ﬁshes treated with 30 IU/ml of VA, 80%
of ﬁshes died within one hour from amputation while only
50% died within 12 h from amputation when treated with
10 IU/ml of VA. The present results are also are in agreement
with the observations of Ge´raudie et al. (1994), who reported
that all ﬁshes which were treated with 104 MRA, immediately
after amputation, died within 1 h, while 50% died within 24 h
from the amputation when treated with 105 MRA. Treatment
with lower concentrations of RA did not signiﬁcantly affect
survival, but 5 · 106 and 106 MRA could affect regenera-
tion. A little or no effect on regeneration was observed with
107 and 108 MRA. The treatment with 106 MRA always
slowed down the regenerative process. Also, Ge´raudie and
Ferretti (1997) found that the injection of 100 mg/g body
weight dose of RA into zebraﬁsh was lethal within 24 h after
injection. But, in the case of the injection of 10 and 5 mg/g
of RA, 25% and 75% of the treated animals, respectively, were
still alive 5 days after injection.References
Abdel-Karim, A.E., Atta, K.I., Elsheikh, E.H., 2003. Regeneration of
the tail and pectoral ﬁns of teleost: O. niloticus. J. Egypt. Ger. Soc.
Zool. 42, 39–83.
Becerra, J., Montes, G.S., Bexiga, S.R.R., Junqueira, L.C.U., 1983.
Structure of the tail ﬁn in teleosts. Cell. Tissue Res. 230, 127–137.
Becker, C.G., Lieberoth, B.C., Morellini, F., Beckerb Feldner, J.,
Schachner, T.M., 2004. L 1.1 is involved in spinal cord regeneration
in adult zebraﬁsh. J. Neurosci. 24, 7837–7842.
Benbrook, D., Lernhardt, E., Pfhal, M., 1988. A new retinoic acid
receptor identiﬁed from a hepatocellular carcinoma. Nature 333,
672–699.
Bokelmann, P.K., Ochandio, B.S., Bechara, I.J., 2010. Histological
study of the dynamics in epidermis regeneration of the carp tail ﬁn
(Cyprinus carpio, Linnaeus, 1758) Sao Carlos, Brazil. J. Biol. 70 (1).
Brockes, J.P., 1989. Retinoids homeobox genes and limb morphogen-
esis. Neuron 2, 1285–1294.
Brockes, J.P., 1990. Retinoic acid and limb regeneration. J. Cell Sci.
Suppl. 13, 191–198.
Brockes, J.P., 1997. Amphibian limb regeneration: rebuilding a
complex structure. Science 276, 81–87.
Bryant, S.V., Gardiner, D.M., 1992. Retinoic acid, local cell–cell
interactions and pattern formation in vertebrate limbs. Dev. Biol.
152, 1–25.
Crawford, K., Stocum, D.L., 1988. Retinoic acid proximalize level-
speciﬁc properties responsible for intercalary regeneration in
axolotl limbs. Development 104, 703–712.
Dinsmore, G.E., 1991. A History of Regeneration Research: Mile-
stones in the Evolution of a Science. American Society of
Zoologists, Cambridge University Press, New York.
Driever, W., Solnica-Krezel, L., Schier, A.F., Neuhauss, S.C., Malicki,
J., Stemple, D.L., Stainer, D.Y., Zwartkruis, F., Abdelilah, S.,
Rangini, Z., 1996. A genetic screen for mutations affecting
embryogenesis in zebraﬁsh. Development 123, 37–46.
Ferretti, P., Ge´raudie, J., 1995. Retinoic acid induced death in the
wound epidermis of regenerating zebraﬁsh ﬁns. Dev. Dyn. 202,
271–283.
Ferretti, P., Ge´raudie, J., 1998. Cellular and Molecular Basis of Regener-
ation: From Invertebrates to Humans. Wiley Press, New York.
Gaiano, N., Amsterdam, A., Kawakami, K., Allende, M., Becker, T.,
Hopkins, N., 1996. Insertional mutagenesis and rapid cloning of
essential genes in zebraﬁsh. Nature 383, 829–832.
Ge´raudie, J., Ferretti, P., 1997. Correlation between RA-induced
apoptosis and patterning defects in regenerating ﬁns and limbs. Int.
J. Dev. Biol. 41, 529–532.Ge´raudie, J., Singer, M., 1992. The ﬁsh ﬁn regenerate. In: Tabon,
C.H., Boilly, B. (Eds.), Keys for Regeneration. Monogr. Dev. Biol.
(23), 62–72.
Ge´raudie, J., Brulfert, A., Monnot, M.J., Ferretti, P., 1994. Terato-
genic and morphogenetic effects of retinoic acid on the regenerating
pectoral ﬁn in zebraﬁsh. J. Exp. Zool. 269, 12–22.
Ge´raudie, J., Monnot, M.J., Brulfert, A., Ferretti, P., 1995. Caudal ﬁn
regeneration in wild type and long-ﬁn mutant zebraﬁsh is affected
by retinoic acid. Int. J. Dev. Biol. 39, 373–381.
Gibert, Y., Gajewski, A., Meyer, A., Begemann, G., 2006. Induction
and prepatterning of the zebraﬁsh pectoral ﬁn bud requires axial
retinoic acid signaling. Development 133, 2649–2659.
Giguere, V., Ong, E.S., Segui, P., Evans, R.M., 1987. Identiﬁcation of
a receptor for the morphogen retinoic acid. Nature 330, 624–629.
Grandel, H., Lun, K., Rauch, G.J., Rhinn, M., Piotrowski, T., Houart,
C., Sordino, P., Kuchler, A.M., Schulte-Merker, S., Geisler, R.,
Holder, N., Wilson, S.W., Brand, M., 2002. Retinoic acid signalling
in the zebraﬁsh embryo is necessary during presegmentation stages
to pattern the anterior-posterior axis of the CNS and to induce a
pectoral ﬁn bud. Development 129 (12), 2851–8265.
Haffter, P., Granato, M., Brand, M., Mullins, M.C., Hammerschmidt,
M., Kane, D.A., Odenthal, J., van Eeden, F.J., Jiang, Y.J.,
Heisenberg, C.P., 1996. The identiﬁcation of genes with unique and
essential functions in the development of the zebraﬁsh, Danio rerio.
Development 123, 1–36.
Hama, A., 1979. Effect of radiation on ﬁn regeneration of the ﬁsh
Oryzias Latipes, with special reference dose-rate. J. Radiat. Res. 20,
215–223.
Holder, N., Hill, J., 1991. Retinoic acid modiﬁes development of the
midbrain-hindbrain border and affects cranial ganglion formation
in zebraﬁsh embryos. Development 113, 1159–1170.
Johnson, S.L., Weston, J.A., 1995. Temperature sensitive mutations
that cause stage-speciﬁc defects in zebraﬁsh ﬁn regeneration.
Genetics 141, 1583–1595.
Laforest, L., Brown, C.W., Poleo, G., Ge´raudie, J., Tada, M., Ekker,
M., Akimenko, M.A., 1998. Involvement of the sonic hedgehog,
patched 1 and bmp2 genes in patterning of the zebraﬁsh dermal ﬁn
rays. Development 125, 4175–4184.
Maden, M., 1982. Vitamin A and pattern formation in the regener-
ating limb. Nature 295, 672–675.
Maden, M., Hind, M., 2003. Retinoic acid a regeneration inducing
molecule. Dev. Dyn. 226 (2), 237–244.
Maden, M., Hind, M., 2004. Retinoic acid in alveolar development
maintenance and regeneration. Biol. Sci. 29, 799–808.
Mangelsdorf, D.J., Ong, E.S., Dyck, J.A., Evans, R.M., 1990. Nuclear
receptor that identiﬁes a novel retinoic acid responsive pathway.
Nature 345, 224–229.
Mangelsdorf, D.J., Borgmeyer, U., Heyman, R.A., Yang zhou, J.,
Ong, E.S., Oro, A.E., Kakizuka, A., Evans, R.M., 1992. Charac-
terization of three RXR genes that mediate the action of 9-cis
retinoic acid. Gen. Dev. 6, 329–344.
Montes, G.S., Becerra, J., Toledo, O.M.S., Gordilho, M.A., Junque-
ira, L.C.U., 1982. Fine structure and histochemistry of the tail ﬁn
ray in teleosts. Histochemistry 75, 363–376.
Morriss-Kay, G., 1993. Retinoic acid and craniofacial development:
molecules and morphogenesis. Bio. Essays 15, 9–15.
Niazi, I.A., Saxena, S., 1978. Abnormal hindlimb regeneration in
tadpoles of the toad Bufo andersoni exposed to excess vitamin A.
Folia Biol. (Krakow) 26, 3–11.
Petkovich, M., Brand, N.J., Krust, A., Chambon, P., 1987. A human
retinoic acid receptor, which belongs to the family of nuclear
receptors. Nature 330, 444–450.
Poleo, G., Brown, C.W., Laforest, L., Akimenko, M.A., 2001. Cell
proliferation and movement during early ﬁn regeneration in
zebraﬁsh. Dev. Dyn. 221, 280–390.
Poss, K.D., Shen, J., Nechiporuk, A., McMahon, G., Thisse, B.,
Thisse, C., Keating, M.T., 2000. Roles for Fgf signaling during
zebraﬁsh ﬁn regeneration. Dev. Biol. 222, 347–358.
248 K.I. Atta et al.Ragsdale, C.W., Gates, P.B., Hill, D.S., Brockes, J.P., 1992. Delta
retinioc acid receptor isoform d1 is distinguished by its exceptional
N-terminal sequence and abundance in the limb regeneration
blastema. Mech. Dev. 40, 99–112.
Raya, A., Koth, C.M., Buscher, D., Kawakami, Y., Itoh, T., Raya,
R.M., Sternik, G., Tsai, H.J., Rodringuez Esteban, C., Izpisua
Belmonte,, J.C., 2003. Activation of Notch signaling pathway
precedes heart regeneration in Zebraﬁsh. Proc. Natl. Acad. Sci.
USA 100, 11889–11895.
Ross, A.C., Ambalavanan, N., 2007. Retinoic acid combined with
vitamin A synergizes to increase retinyl ester storage in the lungs of
newborn and dexamethasone-treated neonatal rats. Neonatology
92 (1), 26–32.
Rowe, A., Eager, N.S.C., Brickell, P.M., 1991. A member of the RXR
nuclear receptor family is expressed in the neural-crest derived cells
of the developing chick peripheral nervous system. Development
111, 771–778.
Ruizi -Altaba, A., Jessel, T.M., 1991. Retinoic acid modiﬁes meso-
dermal patterning in early Xenopus embryos. Gen. Dev. 5, 175–
187.
Santamarı´a, J.A., Becerra, J., 1991. Tail ﬁn regeneration in teleosts:
cell-extracellular matrix interaction in blastemal differentiation. J.
Anat. 176, 9–21.
Santamarı´a, J.A., Marı´-beffa, M., Becerra, J., 1993. Regeneracion de
aletas de teloˆsteos: interaction celulas matrix extracellular. In:
Becerra, J., Pe´rez-Figares, J.M., Ferna´ndez-Liebrez, P. (Eds.),
Progress en Biologia Celular. Universidad de Ma´laga, Spain, pp.
281–285.
Shubeita, H.E., Sambrook, J.F., Mccormick, A.M., 1987. Molecular
cloning and analysis of functional cDNA and genomic clones
encoding bovine cellular retinoic acid-binding protein. Proc. Natl.
Acad. Sci. USA 84, 5645–5649.
Stocum, D.L., 1991. Retinoic acid and limb regeneration. Sem. Dev.
Biol. 2, 199–210.Stoner, C.M., Gudas, L.J., 1989. Mouse cellular retinoic acid binding
protein: Cloning complementary DNA sequence, and messenger
RNA expression during the retinoic acid-induced differentiation of
Fg wild type and RA-3-10 mutant teratocarcinoma. Cancer Res.
49, 1497–1504.
Sulik, K.K., Cook, C.S., Webster, W.S., 1988. Teratogens and cranial
malformations relationship to cell death. Development 103, 213–
232.
Sundin, O., Eichele, G., 1992. Respeciﬁcation of the axial pattern by
retinoic acid in the early chick embryo. Development 114, 841–852.
Tamarin, A., Crawley, A., Lee, J., Tickle, C., 1984. Analysis of upper
beak defects in chicken embryos following with retinoic acid. J.
Embryol. Exp. Morphol. 84, 105–123.
Taning, A.V., 1944. Experiments on meristic and other characters in
ﬁshes. Meddrf. Kommn. Danm. Fisk. Hav. (Serie Fiskeri) 11, 1–66.
Tickle, C., Alberts, B.M., Wolpert, L., Lee, J., 1982. Local application
of retinoic acid to the limb bud mimics the action of the polarizing
region. Nature 296, 564–565.
Tu, S., Johnson, S.L., 2011. Fat restriction in the growing and
regenerating zebraﬁsh ﬁn. Dev. Cell 20 (5), 725–732.
White, J.A., Boffa, M.B., Jones, B., Petkovch, M., 1994. A zebraﬁsh
retinoic acid receptor expressed in the regenerating caudal ﬁn.
Development 120, 1861–1872.
Yashiro, K., Zhao, X., Uehara, M., Yamashita, K., Nishijima, M.,
Nishino, J., Saijoh, Y., Sakai, Y., Hamda, H., 2004. Regulation of
retinoic acid distribution is required for proximodistal patterning
and outgrowth of the developing mouse limb. Dev. Cell. 6, 411–
422.
Zelent, A., Krust, A., Petkovich, M., Kastner, P., Chambon, P., 1989.
Cloning of murine and retinoic acid receptors and a novel receptor
predominantly expressed in skin. Nature 339, 714–717.
Zhang, J., Talbot, W.S., Schier, A.F., 1998. Positional cloning
identiﬁes zebraﬁsh one-eyed pinhead as a permissive EGF related
ligand required during gastrulation. Cell 92, 241–251.
